The time-reversal imaging method has become a standard technique for seismic source location using both acoustic and elastic wave equations. Although there are many studies on the determination of the relevant parameter for visualization of the time-reversal method, little has been done so far to investigate the accuracy of seismic source location depending on parameters such as the geometry of the seismic network or underestimation of the velocity model. This paper investigates the importance of the accuracy of seismic source location using the time-reversal imaging method of input variables such as seismic network geometry and the assumed geological model. For efficient visualization of seismic wave propagation and interference, peak-to-average power ratio was used. Identification of the importance of variables used in seismic source location was obtained using the Morris elementary effect method, which is a global sensitivity analysis method.
Introduction
Time-reversal imaging (TRI) utilizes the fact that the wave equation is reversible in time and, under the assumption that energy dissipation is ignored, the observed wave propagation is also symmetrical in relation to the origin time. Emission of the wave from the source towards the sensors runs along a positively oriented time axis. For the negative time direction, the time-reversed recorded signals back-propagate from the sensor positions. The energy is then focused at the area where the source is located. The quality of focusing depends largely on knowledge of the velocity structure of the geological media in which the wave propagates and the geometry of the sensor network. The TRI technique was introduced initially for submarine communication (Parvulescu and Clay 1965) ; it was publicized and further expanded by Fink (Fink et al. 1989; Fink 1992 Fink , 1997 . TRI techniques have been used for both seismic location and source mechanism identification (Gajewski and Tessmer 2005; Larmat et al. 2006 Larmat et al. , 2010 Kawakatsu and Montagner 2008; Steiner and Saenger 2010; Artman et al. 2010; Debski 2015) , wave field migration (Baysal et al. 1983; McMechan 1983; Tarantola 1988; Fichtner et al. 2006) , microseismic location (Wang et al. 2016) , and structure imaging in complex geological conditions like salt domes (Willis et al. 2006; Lu 2008 ). There are also many studies investigating the use of various imaging parameters. Although TRI methods are mostly based on the maximum value, the following were tested as imaging parameters: maximum horizontal and vertical displacement components (Hu and McMechan 1988; Steiner and Saenger 2012; Saenger 2011) ; maximum particle velocity (Steiner et al. 2008) ; strain components (Blomgren et al. 2002) ; maximum amplitude of pressure value (Gajewski and Tessmer 2005) ; energy density of stress components (Gajewski and Tessmer 2005; Saenger 2011); maximum P wave and S wave energy density, maximum energy density, geometric mean (Nakata and Beroza 2016) , and maximum stress components (Saenger 2011) . Microseismic events were also refocused using separate P and S waves's backpropagation to the original source location (Douma and Snieder, 2015) . In acoustic wave field modelling, TRI techniques based on the maximum absolute pressure value show lower resolution than TRI techniques based on peak-to-average power ratio (Franczyk et al. 2017) . PAPR can be also applied to the reconstruction of seismic events that are not separated in time or space, for which using the maximum value of pressure as an imaging parameter can be problematic (Anderson et al. 2011) .
Application of TRI to the location of seismic sources is an issue that strictly depends on the quality of input data. Both a lack and an excess of information can affect the quality of the location procedure. Moreover, possible perturbations in input variables propagate through the model and affect the results. Perturbations in input data affect the results of TRI location differently and therefore have varying degrees of importance. Identification and quantification of the importance of input variables provides insight into which variables are crucial to the TRI source location procedure and can significantly improve the accuracy of seismic source location. The importance of input variables can be determined with sensitivity analysis.
Sensitivity analysis (SA) is a commonly used technique to identify the relationship between the inputs and outputs of a computational model (Saltelli et al. 2000) . There are many studies from various scientific fields on the theory and applications of SA (Frey and Patil (2002) , Saltelli et al. (2000 Saltelli et al. ( , 2004 Saltelli et al. ( , 2008 , Ratto et al. (2007 ), Jakeman et al. 2006 . In this paper, the accuracy of seismic source location in relation to the accuracy of the estimation of the seismic wave speed and the configuration of the receiver network is presented. The evaluation is carried out by implementation of the Morris Screening method (Morris 1991) , a reliable and efficient SA technique. This paper begins with brief outline of the TRI method with the use of the peak-to-average power ratio; this is followed by a short description of the SA method used in computations and its sampling strategy. A description of the use of SA in TRI location is then presented, including discussion of the selection of the system policy variables and their methods of perturbation. Sensitivity analysis results are then described, followed by the conclusion and resulting recommendations.
Time-reversal imaging method with the use of peak-to-average power ratio
The time-reversal imaging method presented in this paper is based on the two-dimensional acoustic wave field equation described by Eq. 1:
where P(x,y) is the pressure field, f denotes body force, ρ = (x,y) denotes the density of the medium and κ = κ (x,y) is the bulk modulus. Forward simulation was used to produce a signal with full control of its origins. As a result of forward simulation, synthetic seismograms for a given (1) 2 P t 2 = 1 2 x 2 + 2 y 2 P + ∇ ⋅ f geological model and receiver network were computed. In the next stage of computation, synthetic seismograms were reversed in time in order to perform the role of the source function during backward propagation of the seismic wave. The acoustic wave field equation (Eq. 1) was transformed to a system of first-order hyperbolic linear equations (Virieux 1986 ) and solved numerically using a staggered-grid finitedifference method.
Boundaries at the grid periphery were coded to satisfy the wave absorbing conditions (Cerjan et al. 1985) . The source wavelet in the forward modelling was estimated with the Ricker wavelet. We restricted modelling to nondissipative media for simplicity.
Seismic source location with TRI was performed using the peak-to-average power ratio (PAPR) as an imaging parameter. The PAPR indicates how extreme the peaks are in a waveform; therefore, computation node with the highest value of the PAPR parameter may indicate the location of the seismic source. The PAPR is a positive and dimensionless quantity which can be defined as a ratio of the peak value of a waveform to its RMS value.
The value of the PAPR coefficient can be computed from Eq. 2:
where P(x,t) is the pressure value at each computational node, t is time index and T is the number of computational time steps in the backward propagation of the seismic wave algorithm.
In the TRI procedure, both the maximum absolute pressure value and the PAPR coefficient can be used. In both cases, the enormous values computed in the given computational node corresponding to the source point location are maintained during the whole process of backward wave propagations. Although both imaging parameters are calculated in much the same manner, the TRI with PAPR coefficient shows a higher spatial resolution that can improve the location of seismic event sequences (Franczyk 2017) .
The result of the TRI location procedure with PAPR coefficient for the synthetic example based on Marmousi model (Versteeg 1994 ) is presented in Fig. 1 . Location procedure was conducted using five example receivers' network marked in Fig. 1c -f with red triangles. For all the cases considered, a single seismic source placed at the same point ((x,z) = (3750, 1750) m, marked in white star in Fig. 1a ) was introduced. The results of TRI location with PAPR coefficient for surface sensor network with various receivers and spacing are presented in Fig. 1b -e. The results of location
, procedure for receivers' network located around the source are presented in Fig. 1f .
The Ricker wavelet was used as a source function. The correct velocity model was used to highlight the impact of the seismic network configuration to the accuracy of seismic source location.
The location of seismic source is determined based on enormous values of PAPR coefficient. In all five cases, shown in Fig. 1b-f , increased values of PAPR coefficient occurs both in the areas where seismic source was introduces and in the areas where receivers' network was located. While the areas where the seismic network is located can easily be excluded during the location procedure, the indication of the exact location of the seismic source from irregular areas of elevated PAPR values around the source may pose a lot of problems. The results presented in Fig. 1 indicate that the shape and size of areas with increased PAPR values visible around the source area strongly depend on the geometry of the measurement network. For the regular dense network ( Fig. 1b) , located at the surface, a precise location of the source point was obtained. Reducing the number of sensors (from 10 to 4 in Fig. 1c, d ) reduces the PAPR value around the source. If the sensors are placed around the source, it does not affect the accuracy of the location (Fig. 1c ). However, if sensors are located in one direction, the areas of enormous PAPR values also appear in areas where source does not exist ( Fig. 1d ). Expansion of the sensor network in an additional direction ( Fig. 1e ) improves the quality of the location. The results of location procedure for receivers' network located around the source in all directions make the TRI location the most accurate ( Fig. 1f ). In order to identify and quantify the importance of different receivers' network geometry on accuracy of seismic source location, sensitivity analysis was conducted. To make the conclusions independent of a particular geological model, the sensitivity analysis was performed in the homogenous model. The issue of underestimating of the velocity model has also been considered in sensitivity analysis of the TRI location procedure.
Morris screening
The Morris method (Morris 1991) is a specialized randomized one-at-a-time (OAT) method that is considered to be a global method of SA. In OAT SA design, all input variables in question are changed by the same relative amount. The Morris method takes into account changing the variable in question between a pair of model simulations; this distinguishes it from the traditional approach of OAT analysis. Identification and ranking of the important variables are done on the basis of the difference computed between a pair of model simulations (Morris 1991; Campolongo et al. 2000) .
All input values of the variables in question are selected according to a predetermined algorithm. The algorithm starts at a randomly chosen point in the k-dimensional space (Fig. 2) and creates a trajectory through all the k-dimensional variable space. The trajectory is built with k + 1 points. Two adjacent points differ by standardized step Δ i only in one dimension of the k-dimensional variable space. The coordinates of every point of the single trajectory are used as input values to the computational algorithm.
Step-by-step construction of the single trajectory for k = 3 parameters is presented in Fig. 2 .
In the construction of the single trajectory, it is assumed that each input factor can take a discrete number of values, called levels, which are chosen within the factor range of variation. The levels, denoted as p, sampled each factor range evenly: X i = { 0, 1/(p − 1), 2/(p − 1), …(p − 2)/ (p − 1),1}. The value for p typical used in SA are 4, 6 and 8, which corresponds to the 25th, 17th and 12.5th percentile of the uniform distribution of the input (Morris 1991; Campolongo et al. 2007 ). The k-dimensional space is thus transformed in k-dimensional p-level grid with the magnitude of the experiment step Δ equal to multiple of 1/(p − 1). Figure 2 shows k = 3 variable model for which p = 5 levels were assumed X i = {0, ¼, 2/4, ¾, 1} with experiment step of Δ = ¼. Base value of X* = {½, ¾, ¼} has been randomly selected (Fig. 2a ). The final trajectory matrix B* is computed as (Morris 1991) :
where J k+1,k and J k+1,1 are k + 1-by-k and k + 1-by-1 dimensional matrix and vector of 1′s, B is (k + 1, k)-dimensional sampling matrix containing only 0′s and 1′s arranged in the lower left triangle unit matrix; D* is k-dimensional diagonal matrix in which each element is either 1 or −1, with equal probability, and P* is a k-by-k random permutation matrix in which each column contains one element equal to 1, and all others equal to 0, and no two columns have 1′s in the same position.
To implement the Morris Screening method, a number, r, of different trajectories through variable space have to be constructed. The choice of p is strictly linked to the choice of r. When the number of trajectories r is small, it is possible that not all the possible factor levels are explored. Also taking too many levels (assuming high value of p) when it is not coupled with high value of r may waste the experimental results as many possible levels will remain unexplored. It is assumed that valuable results can be obtained for p = 4 and rin the range 4-10 ( Saltelli et al. 2004) .
The sensitivity test is based on the elementary effect (EE i,j, i = 1,…r, j = 1,…k), which is separately computed for each trajectory and each variable of interest. EE i,j is calculated based on the output values obtained for two adjacent points of the trajectory. The elementary effect can be described as:
All EE i,j values computed for randomly chosen trajectories are used to compute final sensitivity measures such as: mean of absolute value of the elementary effect of the j-th parameter standard deviation of the elementary effect On the basis of the values μ j and σ j , all input parameters are classified in three groups: inputs with negligible effects; inputs with large linear effects without interactions; and inputs with large nonlinear or interaction effects.
Numerical experiment
The sensitivity analysis was performed using synthetic tests. Tests were carried out for the established geological model that was known in advance and the known location of the seismic wave sources. This allowed comparison of the TRI location results depending on different configurations of the receiver network geometry and underestimation of the velocity model. The accuracy of the location procedure was assumed here as the difference between the known location of the seismic source and the location corresponding to the highest PAPR value. The results presented in this work were obtained for a homogenous model with constant velocity. For the numerical tests, one source located in the middle of the computational model was established. The Ricker signal was used as a source function in the forward modelling. The synthetic seismograms computed in the forward modelling (4) Fig. 2 An example of a single trajectory constructed for the three-dimensional space of input parameters. The trajectory is built with four points: one randomly chosen (a) and three points created as a result of changing one value at each step (b-d) were reversed and used as an input for the backward modelling stage of the TRI location procedure. Four parameters were used in order to describe the seismic network geometry: the number of receiver network sensors, the angle to fill, the distance between the source and receivers, and the direction of the receiver network, defined as the angle between the line passing through the first geophone and the wave source and the geographical eastern axis, anticlockwise (Fig. 3) . As assumed in the sensitivity analysis, the ranges over which individual parameters of the TRI location procedure can vary are summarized in Table 1 .
The variability of receiver network parameters was determined both to ensure the minimum number of receivers needed to locate the seismic event used in the traditional location algorithm and to allow highly sophisticated interpretation (Dresen and Ruter 2013) . The variability of the angle to fill parameter reflects the distribution of geophones in one direction and the perfect full coverage of the receiver network. The source point-receiver distance was limited by the size of the assumed geological model. The results of the TRI-based location procedure that utilizes acoustic modellings in a homogenous geological model do not depend on the direction from which the seismic signal arrives. Therefore, in this case the parameter describing the direction between the source point and the sensor network can be interpreted as the sensitivity of the location procedure itself. In addition to the 4 parameters described above, the effect of the velocity model underestimating the TRI location results was additionally examined. The results presented in this article are based on the assumption that the underestimation of the velocity model may be as much as 10% of its actual value.
In this study, the Morris sampling was designed to calculate 60 elementary effects for each input. Although many applications of the Morris method use a low repetition number, e.g., r = 10 -20 (Campolongo et al. 2007) , it has been shown that r has a significant effect on the identified parameter sensitivity (Cropp and Braddock 2002) . As a result of the assumed number or trajectories, 360 (= r*(k + 1), k = 5) TRI location procedures were launched. For each simulation, modelling of seismic wave propagation was performed twice: in the forward modelling stage to calculate synthetic seismograms and in the backward modelling stage, in which the calculated seismograms were used as a source signal. An example trajectory of the input values, obtained as a result of Morris sampling, is presented in Fig. 4 .
Results and discussion
The Morris results are evaluated by comparing the mean and standard deviation of the distribution function of each input (Fig. 5) . The mean of the absolute value of the elementary effect (Eq. 5) provides the overall sensitivity of the ith input variable on the output response; in this case, this is the accuracy of the TRI location procedure. The higher the calculated value of μ i , the more sensitive the location procedure is to the ith input variable. A standard deviation of elementary effect (Eq. 6) indicates possible interactions with other variables and/or that the variable has a nonlinear effect on the output (Campolongo and Braddock 1999) .
In Fig. 5 , a graph linking sensitivity measurements of mean value μ i * and standard deviation μ i of all input parameters is presented.
The plot of the mean value and standard deviation (μ i * , σ i ) pair suggests that the most influential parameter of the TRI location procedure is the source-receiver distance. The other four parameters are much less important for the accuracy of seismic source location: the spatial spread of sensors (angle to fill), the number of receivers, the direction between the source point and the receiver network, and underestimation of the velocity model. Moreover parameters related to the geometry of the sensor network indicate a nonlinear effect or interaction with other variables because mean value μ i * , and standard deviation have the same order of magnitude for the direction, number, and angle parameters. In this case, direction indicates the quality of the location procedure because the results of the location procedure based on TRI with acoustic modellings are insensitive to the direction Fig. 3 Geometry of the receiver network and its parametrization by number of sensors in the receiver network, distance from source point to receiver point, direction (location of the first sensor in the network) and angle (spatial location of the sensors around the source) between the source point and the location of the seismic network.
Most location errors were related to increased PAPR parameter values observed around the sensor network location. This was due to the interference of the seismic signal propagating from neighbouring receivers in the backpropagation stage. In order to improve the quality of the seismic source location, some improvements to the location algorithm were introduced. As before, the improved algorithm was based on the maximum value of the PAPR; however, some restrictions of which areas could be searched were added. Restricted areas excluded from the searching algorithm were located around the sensor network. They were constructed using PAPR values calculated in the known coordinates of sensors. The threshold value designating the area of exclusion was computed using the equation:
where Th i is the threshold value of the ith sensor, PAPR i is the PAPR value calculated in the known ith receiver location, PAPR max is the maximum value of the PAPR coefficient obtained for the whole computational model, k is a coefficient (in this case 0.85).
Two examples of TRI location procedures without restricted regions and with restricted regions determined for k = 0.95 and k = 0.85 are presented in Fig. 6 . A coefficient value equal to 0.85 (determined as a result of numerical experiments) was applied for the improved (7) TRI location procedure. In most cases, it resulted in the improvement of the location procedure ( Fig. 6d ). However, for a receiver network with a small distance between sensors, the use of restricted areas in the location procedure significantly increased the location error (Fig. 6h) . Figure 7 presents a graph linking sensitivity measurements μ i * and σ i of all input parameters of the improved location procedure.
The plot of the (μ i *, i ) pair calculated for the improved location procedure suggests that the parameters that most influence the accuracy of TRI location are those related to the sensor network geometry. The results of sensitivity analysis indicate that the spatial location of the sensors around the source (described as an angle in Fig. 7) is the most influential factor. The TRI location algorithm is also strongly dependent on such seismic network geometry parameters as the number of sensors (the number of seismograms used in TRI) and the source-receiver distance. Sensitivity analysis shows not only a significant value of means, but also large values of the standard deviation of the TRI location results. Analysis of the location results carried out for different network geometries showed that both an increase and a decrease in the number of receivers and the source-receiver distance can introduce location errors. This is shown in the plot of (μ i *, σ i ) in large values of mean and standard deviation of both parameters. Large values of standard deviation computed for all parameters related to the sensor network indicate their nonlinear influence on location results. Moreover, standard deviation values that are higher than the mean value calculated for the parameters of the source-receiver distance and the number of sensors may indicate interaction between these two parameters. Sensitivity analysis showed that velocity underestimation was the least sensitive parameter of the TRI location algorithm. Such a low ranking is associated with the simplified velocity model adopted in the calculations. This surprisingly low ranking of velocity underestimation may also be explained by the location procedure itself. The results of the sensitivity analysis indicate that the location procedure (described as direction in Fig. 7) has a much greater impact on the accuracy of TRI location than velocity underestimation. Strong side lobes and inappropriate estimation of excluded regions introduced variance of location procedure. It is especially visible in the position of "direction" parameters on Figs. 6 and 7. The application of the excluded regions (with k = 0.85) improves the quality of location procedure because the influence of the "direction" parameter has been marginalized compared to its position presented in Fig. 6 . Moreover, the statistical approach used in the 
Conclusion
Seismic source location using TRI techniques is an example of a computational problem whose accuracy depends on many factors. Proper selection and fine-tuning of location procedure parameters becomes challenging for effective application of imaging techniques in seismic source location. Hence, the Morris screening approach was applied to help determine the importance of these parameters in relation to the accuracy of the location procedure. An iterative procedure was executed in order to find out the optimal restricted area for the improved TRI location procedure. The selection of the best algorithm was also based on sensitivity analysis. The use of an acoustic wave equation in the TRI location procedure makes it possible to determine the best location procedure as that which has the least sensitivity to the direction of the seismic propagation.
The sensitivity analysis is able to indicate the parameters that are primarily responsible for the variance in the output values. The significant parameters are related to the geometry of the sensor network. This information helps understand what causes the uncertainty and, hence, how it can be remedied. The results presented in the work particularly indicate that selection of the correct number and the optimal distribution of sensors (the records of which are used in the TRI algorithm) are a key aspect of location accuracy.
The results presented in this work can also help in determining the origin time of the seismic source. Refining the spatial location by tuning the optimal configuration of the sensor network will allow areas of potential seismic wave locations to be determined. With better location of seismic sources, we can go back through the time snapshots to examine the time at which the amplitude achieved its maximum value, thus indicating the origin time of the seismic event. This makes it possible to determine the time history of the source emissions and the time sequence for both single and multiple sources.
The results of the sensitivity analysis presented in this work showed little effect of the underestimation of the velocity model on the accuracy of the TRI location procedure. These results are due to the simplified homogeneous velocity model assumed in the numerical experiment. For a location procedure performed for real data, underestimation of the velocity model would have a much greater impact on the accuracy of the TRI location procedure. The impact of velocity underestimation for more complicated geological models on the accuracy of the TRI location procedure is currently under investigation. The results of the sensitivity analysis bring us closer to applying the TRI location method to real data.
